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SUMMARY 
The S t r u c t u r e s  and Mechanics D i v i s i o n  (SMD) a t  
Johnson Space Center t e l e r o b o t i c a l l y  assembled 
t h e  ACCESS t russ .  The SMD wanted t o  assemble 
hardware t h a t  was designed f o r  and been assem- 
b l e d  by EVA ast ronauts.  Many problems were 
i d e n t i f i e d .  Most be long i n  one o f  t h r e e  main 
categor ies.  
1. Truss Hardware 
2. Mani p u l  a t o r  
3 .  Vis ion  
The t i g h t  al ignment c o n s t r a i n t s  o f  t h e  ACCESS 
hardware made t e l e r o b o t i c  assembly d i f f i c u l t .  
A w ide r  al ignment envelope and a compliant end 
e f f e c t o r  would have reduced t h i s  problem. 
The m a n i p u l a t o r  used  had no l i n e a r  m o t i o n  
c a p a b i l i t y ,  b u t  many o f  t h e  assembly opera- 
t i o n s  r e q u i r e d  s t r a i g h t  l i n e  m o t i o n .  The 
m a n i p u l a t o r  was at tached t o  a mot ion t a b l e  i n  
o r d e r  t o  p r o v i d e  t h e  X, Y,  and Z t r a n s l a t i o n s  
needed.  A programmable r o b o t  w i t h  l i n e a r  
t r a n s l a t i o n  c a p a b i l i t y  would have e l im ina ted  
t h e  need f o r  t h e  mot ion t a b l e  and s t reaml ined 
t h e  assembly. 
Poor depth pe rcep t ion  was a major problem. 
Shaded p a i n t  schemes and a1 ignment 1 i nes  
were h e l p f u l  i n  reducing t h i s  problem. The 
f o u r  cameras used worked w e l l  f o r  on l y  some 
opera t i ons .  We were unable t o  i d e n t i f y  i n d i -  
v i d u a l  camera l o c a t i o n s  t h a t  worked w e l l  f o r  
a l l  o f  t h e  assembly steps. More cameras o r  
movable cameras would have s i m p l i f i e d  some 
ope r a t i o n s  . 
The aud io  feedback system was u s e f u l .  Of ten 
t h e  f i r s t  i n d i c a t i o n  t h a t  a s t r u t  made con tac t  
w i t h  a node was an audio s i g n a l  r a t h e r  than  a 
video one. Also, i f  a s t r u t  i n a d v e r t e n t l y  h i t  
something i n  t h e  workce l l ,  t h e  operator  was 
a l e r t e d .  
Many o f  t h e  lessons learned w i l l  be used t o  
des ign  robo t  f r i e n d l y  hardware and t o  d e f i n e  
tasks  s u i t a b l e  f o r  a space t e l e r o b o t .  
INTRODUCTION 
D u r i n g  t h e  summer o f  1987, t h e  S t ruc tu res  and 
Mechanics D i v i s i o n  (SMD) a t  NASA’s Johnson 
Space Center conducted t e l e r o b o t i c  t r u s s  
assembly t e s t s .  These t e s t s  had f o u r  ob jec-  
t i v e s .  
1. I d e n t i f y  problems wi th  t h e  t e l e -  
r o b o t i c  assembly o f  hardware designed f o r  EVA 
ast ronauts.  
2. 
3.  Demonstrate s i m p l i f i e d  remote manip- 
u l a t o r  system (RMS) dynamics.* 
4. E s t a b l i s h  an exper ience base f o r  t h e  
development o f  robo t  f r i e n d l y  hardware/tasks. 
The Assembly Concept f o r  Cons t ruc t i on  o f  
E rec tab le  Space S t ruc tu res  (ACCESS)  hardware 
was s e l e c t e d  f o r  t h e s e  t e s t s .  The ACCESS 
t r u s s  has been t e s t e d  i n  space and t h e  Weight- 
l e s s  Environment T r a i n i n g  F a c i l i t y  (WETF) and 
t h e  s t r u t s  and nodes were small  enough f o r  t h e  
Deep Ocean Engineer ing (DOE) manipulator  t o  
hand1 e. 
The problems encountered and t h e i r  sol u t  i ons  
as w e l l  as our  eva lua t i on  o f  t h e  audio feed- 
back system a r e  discussed. 
CONCLUSION 
Assembl i n g  t h e  ACCESS hardware showed how 
d i f f i c u l t  i t  i s  f o r  a t e l e r o b o t  t o  h a n d l e  
hardware designed f o r  ast ronauts.  I n  o rde r  
f o r  robo ts  t o  e f f i c i e n t l y  he lp  b u i l d  and 
m a i n t a i n  Space S ta t i on ,  t h e  hardware must be 
des igned  t o  be robo t  f r i e n d l y .  Shaded p a i n t  
schemes and al ignment l i n e s  p a r t i a l l y  made up 
f o r  t h e  l o s s  o f  depth pe rcep t ion  caused by t h e  
video system. Less r i g i d  al ignment con- 
s t r a i n t s  and compl iant  end e f f e c t o r s  w i l l  
reduce misal ignment problems. Audio feedback 
increased opera to r  awareness and should be 
i n c l u d e d  i n  f u t u r e  t e l e r o b o t i c  experiments. 
The experience gained f rom t h i s  experiment 
* T h i s  phase o f  t h e  t e s t  was n o t  completed i n  
t ime  f o r  t h i s  p u b l i c a t i o n .  
Evaluate an audio feedback system. 
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w i l l  h e l p  i n  t h e  d e s i g n  o f  r o b o t  f r i e n d l y  
hardware and w i l l  he lp  w i t h  t h e  i d e n t i f i c a -  
t i o n ,  t e s t i n g  and implementation o f  t asks  
s u i t a b l e  f o r  a space te le robo t .  
DISCUSSION 
F o r  t h i s  t e s t  program t h e r e  were seven major 
p ieces o f  hardware. F igu re  1 shows t h e  l ayou t  
o f  t h e  hardware descr ibed below. 
Hardware Desc r ip t i on  
1. 6-DOF Table 
The s i x  degree o f  freedom (6-DOF) 
t a b l e  c o n s i s t s  o f  a t r i a n g u l a r  shaped a c t i v e  
t a b l e  and s i x  l i n e a r  h y d r a u l i c  actuators .  The 
a c t u a t o r s  p rov ide  t h e  6-DOF t a b l e  w i t h  X, Y,  
and Z t r a n s l a t i o n ,  R o l l ,  P i t ch ,  and Yaw. For 
t h i s  t e s t ,  R o l l ,  P i tch,  and Yaw were no t  used. 
2. DOE Arm 
The Deep Ocean Engineer ing (DOE) arm 
i s  an e l e c t r o h y d r a u l i c  man ipu la to r  arm t h a t  
W I S  used t o  t e l e r o b o t i c a l l y  assemble t h e  
ACCESS nodes and s t r u t s  i n t o  a t r u s s .  
3. L inea r  Trans lat ion/Load C e l l  Table 
The L inea r  Trans lat ion/Load C e l l  
Tab le  (LTLCT) was at tached t o  t h e  6-OOF t a b l e  
th rough  a se t  o f  load c e l l s .  The load c e l l s  
w i l l  send l o a d  data t o  t h e  computer f o r  f o r c e  
and moment r e s o l u t i o n  d u r i n g  t h e  dynamic 
s i m u l a t i o n  demonstrat ion. The LTLCT supported 
t h e  DOE arm and prov ided a d d i t i o n a l  X-axis 
t r a n s l a t i o n .  
4. Mast 
The mast was a mounting f i x t u r e  t o  
w h i c h  t h e  ACCESS nodes and s t r u t s  were a t -  
tached d u r i n g  the  t r u s s  assembly. 
5. Strong Back 
The s t rong  back i s  a f i x e d  s t r u c t u r e  
t o  which t h e  mast and node /s t ru t  rack were 
mounted. 
6. Node/Strut Rack 
The node /s t ru t  rack s to red  t h e  
ACCESS nodes and s t r u t s  be fo re  they were 
g rasped  by t h e  DOE arm and assembled i n t o  a 
t r u s s .  
7. Video System 
Te lev i s ion  cameras were used by t h e  
t e l e o p e r a t o r  t o  mon i to r  t h e  t r u s s  assembly. 
They were mounted 1) t o  t h e  l e f t  o f  t h e  DOE 
arm,  2 )  on t h e  ground be low t h e  mast ,  3 )  
behind t h e  DOE arm on t h e  6-OOF tab le ,  and 4 )  
on t h e  DOE arm. Cameras 1, 2, and 3 had pan, 
t i l t ,  and zoom c a p a b i l i t i e s .  Camera 4 had a 
f i x e d  view o f  t h e  g r ippe r .  
Assembly Sequence 
The t o p  t h r e e  nodes were manually mounted t o  
t h e  mast be fo re  beginning t h e  demonstrat ion 
j u s t  as they  were f o r  t h e  WETF t e s t s .  The 
f i r s t  s t e p  i n  t h e  assembly p r o c e s s  was t o  
remove t h e  f o u r t h  node from t h e  node /s t ru t  
rack and p lace  i t  on t h e  mast. T h i s  s tep  was 
repeated u n t i l  a l l  s i x  nodes were i n  place. 
Each o f  t h e  12 s t r u t s  was connected u s i n g  t h e  
f o l l o w i n g  sequence. One s t r u t  c o l l a r  was 
preset  t o  t h e  automatic p o s i t i o n  and t h e  o t h e r  
c o l l a r  was p r e s e t  t o  t h e  manual p o s i t i o n .  The 
s t r u t  was pos i t j oned  between two nodes and 
l i n e a r l y  d r i v e n  i n t o  p lace  us ing  t h e  LTLCT. 
The automat ic  c o l l a r  c losed l o c k i n g  t h e  s t r u t  
o n t o  one node. The DOE arm was then p o s i -  
t i o n e d  near t h e  manual c o l l a r  where, us ing  a 
f r i c t i o n  pad, t h e  c o l l a r  was r o t a t e d  t o  secure 
t h a t  end o f  t h e  s t r u t  t d t h e  o t h e r  node. The 
bottom t h r e e  h o r i z o n t a l  s t r u t s  were connected, 
one a t  a t ime, t o  t h e  nodes ( r e f e r  t o  F igu re  
2 ) .  The t o p  t h r e e  h o r i z o n t a l  s t r u t s  were 
connected next ,  then t h e  t h r e e  v e r t i c a l  
s t r u t s ,  and f i n a l l y  t h e  t h r e e  d iagonal  s t r u t s .  
The i n i t i a l  assembly t i m e  was f o u r  hours f o r  
one bay. Before t h e  second assembly severa l  
changes were made t o  t h e  workce l l  shown i n  
F igu re  1. Camera 1 was moved 10 f e e t  i n  t h e  
- X  d i r e c t i o n  and f o u r  f e e t  i n  -Y. Th i s  l oca -  
t i o n  prov ided a b e t t e r  view f rom which t o  see 
s t r u t  t o  node alignment. Camera 2 was repos i -  
t i o n e d  f o u r  f e e t  i n  t h e  - X  d i r e c t i o n  and one 
f o o t  i n  - Y .  Moving f o u r  f e e t  i n  t h e  -X d i r e c -  
t i o n  made s t r u t  t o  node al ignment e a s i e r  t o  
determine f o r  t h e  h o r i z o n t a l  and d iagonal  
s t r u t s .  Moving one f o o t  i n  t h e  - Y  d i r e c t i o n  
made v e r t i c a l  s t r u t  i n s e r t i o n s  eas ieb  t o  see. 
The node /s t ru t  rack was r o t a t e d  90 . Th is  
change decreased t h e  w r i s t  r o l l  a c t i o n s  by 
n e a r l y  one h a l f .  A c o m b i n a t i o n  o f  t h e s e  
m o d i f i c a t i o n s  and an increase i n  ope ra to r  
p r o f i c i e n c y  reduced t h e  assembly t i m e  t o  two 
hours. 
One o f  t h e  major  t ime  consumers d u r i n g  t h e  
assembly was t h e  6-DOF t a b l e .  V i b r a t i o n s  from 
t h e  6-UOF t a b l e ' s  h y d r a u l i c  pumps caused t h e  
D O E  arm t o  v i b r a t e  a t  a p p r o x i m a t e l y  5 Hz. 
T h i s  v i b r a t i o n  made t h e  assembly process very 
d i f f i c u l t .  Also, t h e  6-DOF t a b l e  moves very 
s l o w l y  and approximately one h a l f  o f  t h e  two 
hour  assembly t i m e  was needed t o  move t h e  DOE 
arm f rom t h e  node /s t ru t  rack t o  a p o s i t i o n  
near t h e  mast where t h e  i n s e r t i o n  a c t i o n  cou ld  
begin . 
Low pass f i l t e r s  were p u t  i n t o  t h e  6-DOF 
t a b l e s  c o n t r o l  system t o  e l i m i n a t e  t h e  v i b r a -  
t i o n s .  The smooth opera t i on  made s t r u t  i n s e r -  
t i o n s  e a s i e r  and speeded up t h e  movement o f  
t h e  tab le .  This  d i d  n o t  decrease the  assembly 
t ime  because t h e  automatic c o l l a r s  would some- 
t imes n o t  close. Apparently t h e  v i b r a t i o n s  
helped overcome some o f  t h e  b i n d i n g  between 
t h e  s t r u t s  and the  nodes which helped c lose  
t h e  c o l l a r s .  
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VERTICAL STRUT 
DIAGONAL STRUT 
HORIZONTAL STRUT 
FIGURE 2. ACCESS TRUSS 
Problems and Solut ions 2. Manipulator  
The problems we had belong i n  one o f  t h r e e  
main groups. 
1. Truss Hardware 
The ACCESS hardware has t i g h t  a l i g n -  
m e n t  c o n s t r a i n t s .  F i g u r e  3 shows a s t r u t  
p a r t i a l l y  i n s e r t e d  i n t o  a node. I f  these two 
components a re  n o t  p e r f e c t l y  a l i g n e d  t h e  s t r u t  
cannot be locked i n t o  p lace.  Larger  a l ignment  
envelopes, guides, and a compl iant  end e f f e c t -  
o r  would have reduced misal ignment problems. 
The DOE manipulator  has: 
a. No l i n e a r  motion. 
b. No automation. 
c. No j o i n t  p o s i t i o n  i n d i c a t o r .  
Most o f  t h e  opera t i ons  d u r i n g  t h i s  
t e s t  were completed u s i n g  t h e  l i n e a r  mot ion 
prov ided by t h e  6-DOF t a b l e  o r  t h e  LTLCT. The 
movement o f  t h e  6-DOF t a b l e  was very slow. A 
robo t  w i t h  l i n e a r  mot ion would have e l i m i n a t e d  
FIGURE 3. S t r u t  P a r t i a l l y  I n s e r t e d  I n t o  Node 
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t h e  need f o r  the 6-DOF table,  and decreased 
t h e  assembly time. A semiautomated operation 
would have been more e f f i c i e n t  than a f u l l y  
manual one. Preprogramned manipulator posi-  
t i o n s  would have been he lp fu l ,  but because o f  
var ia t ions  i n  the ACCESS hardware and mounting 
f i x t u r e  pos i t ions  the  actual strut/node con- 
nect ion was necessari ly teleoperated. Many 
alignment problems were p a r t i a l l y  caused by an 
i n a b i l i t y  t o  pu t  the DOE arm's j o i n t s  i n t o  
exact,  known posi t ions.  Jo in t  pos i t ion  i n d i -  
cators would have lessened the  alignment 
problems. 
3.  Vision 
Normal video equipment g rea t l y  
reduces depth perception. Stereo v is ion  may 
h e l p  w i t h  t h i s  problem. Shaded p a i n t  and 
al ignment l i n e s  on the  t russ  hardware par- 
t i a l l y  compensated f o r  t he  lack  o f  depth 
perception. 
Some o f  the camera pos i t ions  used 
were very good f o r  some operations and very 
poor f o r  others. Adjustable (X ,  Y, Z) camera 
p o s i t i o n s ,  o r  more cameras would have de- 
creased the  assembly time. Camera R4 d i d  not 
have pan, t i lt or zoom capab i l i t i es .  These 
features would have been useful .  
The ACCESS hardware and most o f  the  
f i x t u r e s  i n  the  workcel l  were bare aluninun. 
The re f l ec ted  l i g h t  caused g la re  which washed 
ou t  some de ta i l .  Pa in t ing  some o f  the  
f i x t u r e s  f l a t  black g rea t l y  reduced t h i s  
problem. Ant i -g lare pa in t  should be used f o r  
everything i n  the workcel l .  
Audio Feedback 
The DOE arm has an accelerometer i n  i t s  fore- 
arm t h a t  sends signals through a control  u n i t  
t o  a headset worn by the  operator. During 
t h i s  t e s t  t h e  l i n e a r  d r i v e  motor,  c o l l a r s  
c losing, and node/strut contact were heard. 
The sounds heard through the  headset were very 
s i m i l a r  t o  the  actual sounds. The f i r s t  two 
types  o f  sounds made the  operator f ee l  c loser  
t o  the workcel l .  The node/strut  contact noise 
was very useful.  It p a r t i a l l y  made up f o r  the  
l a c k  o f  depth perception. Often the contact 
was detected through audio feedback before i t  
was detected v isua l l y .  
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